Abstract-We investigated a nonadiabatically tapered microfiber refractive index sensor with an ultrashort waist length. Free spectral range (FSR) is one common issue in the interferometry-based sensors. Such sensors will not work properly once the resonant wavelengths shift over one cycle. It was found that the temperature and pulling speed are the crucial parameters to achieve a desired tapering profile. By setting a cooler tapering temperature and fast pulling speed, we successfully fabricated ultrashort microfibers with a waist length of only 2.4 mm and total length of 5.5 mm. The resulting FSR is ∼80 nm and the maximum sensitivity achieved for such short microfiber is 25 667 nm/RIU.
I. INTRODUCTION

I
N RECENT years, researchers have shown increasing interest in micro scale based optical fiber sensors. A microfiber is fabricated by placing a stripped section of an optical fiber on a filament or flame that can generate high temperatures to melt the fiber. The fiber is pulled in opposite directions away from the heat source at the same time. There are several ways of fabricating microfibers. The conventional ways are by the flame brushing method whereby a fusion splicer or a CO 2 laser which is used to soften the fiber is coupled with a mechanical setup to stretch the fiber. These microfibers normally have diameters of a few micrometers. Besides properties such as a high nonlinearity and low-loss interconnection to normal single-mode fibers, the large evanescent field of these microfibers plays the most important part for refractive index sensing. These sensors such as the microfiber Bragg grating sensor [1] , the microfiber coil resonator based sensor [2] , the double-pass in-line fiber taper Mazh-Zehnder Interferometer (MZI) sensor [3] , [4] , the microfiber mode interferometers [5] - [8] and microfiber probe based sensor [9] , [10] , have all demonstrated good sensing capabilities.
For most of these interferometer based sensors, there is one common drawback in terms of the measuring range of the refractive index. As the wavelength responses of these modal interferometers appear periodic, once the wavelength shift due to the change of external refractive index exceeds the free spectral range (FSR), it is impossible to identify how much the resonant wavelength has shifted. Hence the sensitivity of such sensors cannot be calculated [5] . To address this issue, one apparent way is to enlarge the free spectral range of the interference pattern. Using a fusion splicer is one simple way to obtain microfiber probes with very small waist lengths since the width of the arc generated by the electric poles is short enough [11] , [12] . However, this fabrication technique will result in a decrease in the sensitivity since the thinnest part of the waist is too short and it is not easy to control the waist length. In our work, a commercial microfiber fabrication machine (Vytran, GPX-3000) with motorized fiber holding stages was used. We have successfully fabricated an ultra-short microfiber without compromising too much on the sensitivity. The waist length of our microfiber is 2.4 mm which is almost equivalent to the limit of the filament width (2 mm). The diameter of the microfiber is around 7 μm and the maximum sensitivity obtained is 25667 nm/RIU. The FSR is over 80 nm which allows our sensor to measure a wide range of refractive indices and hence provides high potential in the fields of bio-sensing and other environmental applications.
It has been previously reported that the dominant mode coupling with the fundamental or HE 11 mode in a nonadiabatic biconical microfiber will be the higher-order mode that has the closest propagation constant with the HE 11 mode, and that is HE 12 mode [13] . As a result the intensity spectrum at the output can be modeled based on that of two-beam interference
where I m (m=1,2) is the power coupling between the fundamental mode and the HE 1m mode, and ϕ is the phase difference of the two modes. The FSR can be derived from the change of phase between the two modes with the change of wavelength [5] , [13] , [14] 
where the phase difference can be expressed as
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L is the beating region for the two considered modes, U ∞ 1 and U ∞ 2 are the asymptotic values of the U parameters of the two modes that U ∞ 1 = 2.405 and U ∞ 2 = 5.520 and V is the normalized frequency for the cladding [5] , [13] , [14] .
From Eq. (2) we can see that the FSR can be increased by either increasing the radius of the fiber ρ or reducing the waist length L. Since the radius of the microfiber plays a key role in determining the sensitivity of this sensor, we need the radius to be as small as possible if a high sensitivity is to be achieved. This is because the smaller radius of the microfiber will result in a stronger evanescent field that interacts with the surroundings of the microfiber. In this case, the effective refractive index of the relevant modes will be more likely to be influenced by the external refractive index. This indicates that a microfiber of smaller radius would have a greater sensitivity to the refractive index in its immediate surroundings [5] . Therefore, reducing the waist length is the most feasible way of achieving a larger FSR while maintaining a relatively high sensitivity to refractive index variations in the surrounding environment.
II. FABRICATION PROCESS AND RESULT DISCUSSION
Knowing the volume conservation of the fiber during the tapering process, fabricating a short microfiber while ensuring that the radius is as small as possible would pose a considerable challenge. The tradeoff between the diameter and the waist length of the microfiber is the main issue in this letter. The condition for such tradeoff is not easy to be quantified as the minimum waist length of a fiber taper is limited by the width of the heating source and the widths in various tapering systems are different.
In a fusion splicer tapering system the fiber could be tapered into micrometer scale, yet with very short waist length [12] . This is because that the width of the electric arc generated by the electric poles is quite small, normally within hundreds of micrometers. However, there is no way to control the length of the fiber taper in such a tapering system. Moreover, the accumulated phase difference between the two modes implied in Eq. (3) will be small due to the short beating region of such fiber taper which elongates only a few hundreds of micrometers. The sensitivity in the letter of Du et al [12] is significantly lower than the result demonstrated in Ref. [5] . Therefore, these are two main drawbacks of the fusion splicer tapering system.
As the minimum waist length of a fiber taper is limited by the width of the heating source the aim of this letter is to produce a microfiber with the waist length approaching the limit and make the diameter to be as small as possible at the same time. We have successfully fabricated such a microfiber with waist length of 2.4 mm which is almost close to the width of the heating source (2 mm width graphite filament in our system) and with diameter of around 7 μm.
The most dominant parameters to form a desired fiber taper are the heating power and the pulling speed. The tension monitor of the microfiber fabrication machine is used to calibrate the normalized power of the graphite filament as well as its respective power degradation rate for microfiber Fig. 1 . Experimental set-up and microscopic snapshots of the ultra-short non-adiabatic microfiber and SEM image of the microfiber waist.
fabrication. The power is close to the normalized value when the fiber tension detected by the monitor during the fabrication process is maintained at a certain positive level with slight periodic fluctuations. In this letter, the normalized power of the filament was calibrated as 48W and the power degradation rate is −8% during the waist drawing period. Table I demonstrates the relationship between the fabrication parameters and the resulting microfiber profiles. The temperatures generated by the three sets of power levels of the filament are all around the normalized value. It is clearly seen that the minimum diameter we can achieve is likely to be small once the filament power (47 W) is set slightly below the normalized power (48 W). Furthermore, the minimum diameter can be further reduced by increasing the pulling speed.
The experimental set-up as depicted in Fig. 1 is a doublepass configuration. The light from the light source will propagate through the microfiber and be reflected by the end facet of the patch cord. The fibers we used are all normal single-mode fibers. The reflected light will then propagate through the microfiber one more time before being coupled into the optical spectrum analyzer (OSA) by the circulator. Thus, such a set-up increases the extinction ratio and enhances the measuring accuracy for the resonant wavelengths. Fig. 1 shows seven concatenated microscopic snapshots of the shortest microfiber that we have achieved. The built-in microscope of the microfiber fabrication machine is fixed and used to continuously take the snapshots with a frame width of 0.8 mm as the holding stages of the microfiber fabrication machine are moved from left to the right simultaneously. The microfiber waist length is estimated to be 2.4 mm±0.5 mm. The left and right transitions are estimated to be 2.1 mm±0.5 mm and 1 mm±0.5 mm, respectively, which are the most abrupt lengths we are able to achieve. The asymmetrical property is quite common in many microfiber fabrication systems. In our system, since the fiber holding stages are moving with different velocities in the same direction (left stage is faster than the right stage) and the filament is in a fixed position during the fabrication process, it is intuitive that the left transition will be more gradual than the right transition although their lengths were equal before the fabrication.
Recall from Eq. (2) that for a fixed microfiber diameter, the FSR would increase as the waist length decreases. This can be verified by the experimental results as illustrated in Fig. 2 . The four microfibers were fabricated with diameter of 7 μm with little deviation in their diameters which is insufficient to induce a noticeable difference in their FSRs. The FSR is 37 nm for a waist length of approximately 4.9 mm. It increased to 80 nm as the waist length of the microfiber decreased to around 2.4 mm.
Since the fiber volume is conserved during the fabrication process, there must be a lower bound for the microfiber diameter. When the microfiber length is set to be relatively long, the minimum achievable waist diameter is a relatively small value and vice versa. Fig. 3 shows the output spectrum of two microfibers, whose filament power and pulling speed were set at 47 W and 1 mm/s (which is the optimal combination as discussed in Table I ), to variations in refractive index of glycerol solution. The glycerol solution's refractive index was measured by a refractometer (KEM RA-130) with a resolution of 0.0001. The microfiber in Fig. 3(a) has a waist length of around 4.8 mm. The minimum diameter that we achieved for this waist length was 4.85 μm and the maximum sensitivity achieved was 52500 nm/RIU. For the microfiber in Fig. 3(b) whose waist length is only 2.4 mm, the smallest diameter we have achieved is about 7.03 μm. The maximum sensitivity achieved was 25667 nm/RIU, which is still promising as compared to most of the other optical fiber refractive index sensors that have been reported. More importantly, the FSR of 80nm is larger than most of the interferometric sensors such as the microfiber-based MZI sensor (FSR∼22nm) and the microfiberprobe-based interferometric sensor (FSR∼10nm) [10] .
III. CONCLUSION
In conclusion, we have studied the impact of the microfiber fabrication parameters on the microfiber profiles. It was found that if the filament power were to be set slightly below the normalized power and the pulling speed was set to be faster, it would then be possible to enlarge the FSR without compromising too much of the sensor's performance in terms of its sensitivity. Such a sensor with an ultrashort waist length and a high sensitivity would then become more advantageous for sensing applications with small variations in refractive index compared with other interferometric sensors.
